INTRODUCTION
During free-living growth, bacteria from the genera Rbixobitlm, Bradyrbixobitlm and Axorbixobitlm (collectively referred to as rhizobia) have branched electron transport chains that are terminated by cytochromes aa3 and cytochromes o and/or d (O'Brian & Maier, 1989 ; Williams e t al., 1990; Bott e t al., 1990; Kitts & Ludwig, 1994 with legumes, inducing the formation of root noduies within which they fix nitrogen. It has been recognized for several years (Appleby, 1984) that the rhizobia must have a specialized terminal oxidase to enable them to respire at high rates in nodules where the free oxygen concentration is very low. Working with haem-copper cytochrome oxidase (also referred to as cbb,)
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In B. japoniczlm, mutations affecting the cytochrome be, complex block symbiotic nitrogen fixation, indicating that electrons are transferred from the be, complex to the cytochromes encoded by the fixN0QP operon (ThonyMeyer et al., 1989; Preisig et al., 1993) . During aerobic free-living growth of B. japoniczlm, electrons from the cytochrome be, complex are thought to be transferred via a membrane-bound c-type cytochrome (CycM) to cytochromes aa3 in a pathway analogous to a mitochondria1 electron transport chain (Bott e t al., 1991) . Mutation of the B.japoniczlm gene encoding CycM blocked the transfer of electrons to cytochromes aa3 but did not affect symbiotic nitrogen fixation.
Unlike B. japoniczlm, Rhixobizrm legzrminosarzlm possesses cytochrome d in addition to the terminal oxidases cytochromes aa3 and o (Appleby, 1969; Kretovich e t al., 1973; Vargas et al., 1996) . Cytochromes aa3 and d are repressed in R. legzrminosarzlm bacteroids, in which there is also repression of a haem protein(s) that corresponds to a periplasmic c-type cytochrome (Kretovich et al., 1973 ; Vargas e t al., 1996) . Haem staining of R. legtlminosarzlm bacteroids revealed that cytochrome c1 is present. In addition a haem-stained membrane-bound component corresponding in size to CycM was detected in bacteroids, although at a lower level than the haem-stained proteins thought to correspond to the c-type cytochromes encoded by the fix0 and fixP genes (Vargas e t al., 1996) .
In this work we have analysed mutants of R. legzrminosartlm defective in electron transport to cytochromes aa3 by screening for mutants defective in oxidation of the artificial electron donor N,N'-dimethyl-p-phenylenediamine (DMPD). Analysis of such mutants has given an insight into the relative roles of cytochromes bc, and CycM in symbiotic nitrogen fixation.
METHODS
Microbiological techniques. Bacterial strains and plasmids are described in the text or in Table 1, Media (TY complete medium and Y minimal medium) were as described by Beringer (1974) . Unless specified, succinate was added as the carbon source to Y minimal medium. Escherichia coli was grown in L-broth (Sambrook etal., 1989) . Antibiotics were added at the following concentrations (pg ml-l) : streptomycin, 400 ; kanamycin, 20 ; tetracycline, 5. Plasmids were transferred from E. coli into R.
leguminosarum by conjugation using pRK2013 (Figurski & Helinski, 1979) to mobilize plasmid transfer in patch matings.
Transduction using the R. leguminosarum phage RL38 was as described by Buchanan-Wollaston (1 979). Nodulation tests and measurements of acetylene reduction using Vicia hirsuta were as described by Knight et al. (1986) .
Tn5 mutagenesis and isolation of respiratory mutants.
Mutants of R. leguminosarum strain 8401 were isolated after Tn5 mutagenesis with the suicide plasmid pSUP2021 (Simon e t al., 1983) , which was transferred to strain 8401 selecting transcon jugants on Y minimal medium containing streptomycin and kanamycin. Respiratory defective mutants were screened by pouring ' Nadi' reagent [l : 1 (v/v) mix of 1 YO (w/v) naphthol in ethanol and 1 YO (w/v) DMPD in water] over the surface of the plates containing the Tn5-induced mutant colonies essentially as described previously (Marrs & Gest, 1973) . Mutants defective in the cytochrome be,-aa, electron transport pathway remained white or pale-blue against a background of dark blue colonies.
Manipulation of DNA. Molecular biology techniques were carried out as described by Sambrook e t al. (1989) . Radioactive probes were prepared using an oligolabelling kit (Pharmacia).
Cell fractionation protein gel electrophoresis and haemstaining. R. leguminosarum cells were fractionated into membrane and soluble fractions as described by Vargas et al. (1996) . Protein concentration was estimated using the Bio-Rad assay with bovine serum albumin as a standard. Membrane and soluble fractions were suspended in loading buffer [ 124 mM Tris/HCl pH 7.0, 20% (v/v) glycerol, 4.6% (w/v) SDS], incubated at 42 OC for 15 min and then electrophoresed in 10 YO (w/v) SDS-polyacrylamide gels at room temperature. Electrophoretically-separated polypeptides were stained for haemdependent peroxidase activity using chemiluminescence as described by Vargas etal. (1993) . A similar protocol was used to screen the collection of Nadi-mutants to identify mutants specifically lacking the haem-stained protein of M , 23 000 attributed to CycM. However in this screen, the cell extracts were not fractionated prior to electrophoresis. (N,N,N' ,N'-tetramethyl-p-phenylenediamine) oxidase activity, cells were grown for 48 h at 28 "C in 100 ml Y succinate minimal medium, then pelleted by centrifugation, suspended in 100 ml of Y minimal medium with no carbon or nitrogen source and shaken for 24 h. The starved cells were harvested and suspended in 0.5 ml 25 mM TES buffer, pH 7.2. A cell suspension was added to 1 m125 mM TES buffer pH 7.2 in the oxygen electrode vessel (Hansatech) at 30 OC, followed by 2 mM TMPD and 10 mM sodium ascorbate (final concentrations). With membrane preparations, NADH or succinate was added to 1 mM or 10 mM respectively. Where indicated, antimycin A (1 pM) was added. Whole-cell protein after sonication was quantified by using the Bio-Rad assay with bovine serum albumin as a standard.
Respiratory activities. For the determination of TMPD
Spectroscopy. The instrument used was a Johnson Foundation SDB-3 dual-wavelength scanning spectrophotometer (Williams & Poole, 1987) . A 4 nm spectral band width was used and the scan rate was 2-86 nm s-'. The reference wavelength was 575 nm.
For reduced minus oxidized room temperature spectra, cells were washed and resuspended in TES/HCl buffer (50 mM TES, 0.5 mM EDTA, pH 7.5). A few grains of sodium dithionite were added to reduce a sample, and ammonium persulphate (a few grains) was used with shaking to oxidize a sample. A baseline was recorded as the difference between two successive scans of the same sample. Data were stored in the instrument's memory and reduced minus oxidized spectra were plotted.
Carbon monoxide binds to the reduced form of oxygen-reactive haem(s) in terminal oxidases and certain other cytochromes to form a photolabile compound with characteristic absorption maxima. For CO-reduced minus reduced room temperature spectra, the reduced sample was bubbled with a steady stream of CO. The top of the cuvette was smeared with silicone antifoam to prevent excessive bubbling and frothmg. The CO-reduced minus reduced spectrum was recorded using the Johnson Foundation SDB-3 spectrophotometer, with the scan conditions described above.
Cytochromes bc, and CycM in R. leguminosarum For photodissociation spectra, cells were first washed and resuspended in 20 mM TES/HCl buffer, pH 7.0. The sample was transferred to a specially constructed metal/perspex cuvette (2 mm path) and ethylene glycol [final concentration 30% (v/v)] was added to facilitate formation of a uniform ' glass ' on freezing. Firstly, the dithionite-reduced sample was bubbled with CO and then cooled in an ethanol/solid CO, bath to -20 "C and allowed to equilibrate for 5 min. The sample was then kept in an ethanol/solid CO, bath at -78 "C for at least 5 min in the dark before further equilibration at -100 "C in the sample compartment of the dual-wavelength spectrophotometer. The temperature was controlled by a flow of cold nitrogen gas, cooled by passing through a coiled copper tube immersed in liquid N, and then through a small heater regulated according to the temperature required in the sample compartment. The sample was then scanned twice generating a (reduced + CO) minw (reduced + CO) baseline and then photolysed by a focused beam from a 200 W slide projector for 1 min.
The difference spectrum between a CO-dissociated sample and a reduced+CO sample was plotted out by the SDB-3 spectrophotometer.
RESULTS AND DISCUSSION

Isolation and characterization of mutants
Approximately 10 000 Tn5-mutagenized colonies of strain 8401 were screened using the Nadi test and 50 mutants were identified as being totally or partially unable to oxidize the DMPD substrate. The R. leguminosartlm phage RL38 was plated on each mutant and the phage lysate used to transduce the mutations into strain A34 that forms normal nitrogen-fixing nodules on legumes such as peas and vetch. Among the transductants, seven were identified that formed nodules on peas or the vetch Vicia hirstlta, but were unable to fix nitrogen as judged by: (a) the poor growth of the plants in N-free medium, (b) the white (rather than pink) nodules and (c) measurements of acetylene reduction, which indicated that nitrogen fixation occurred at levels less than 1 YO of normal. Four of these had been shown previously (Vargas et al., 1994; Delgado e t al., 1995) to be affected in the yHJKL and ycVWXY operons blocking the formation of all c-type cytochromes, resulting in mutants that formed infected nodules in which no nitrogen fixation occurred. Light microscopy of thin sections of nodules induced by the other three mutants revealed that they were essentially the same as those formed by the mutants defective in cytochrome c assembly (Delgado e t al., 1995) . Thus, the nodules contained many bacteroids, indicating that infection and bacteroid release were normal and, as is typical of such Fix-nodules, many of the plant cells had large numbers of starch granules around the edges of infected cells. In older nodules, premature bacteroid senescence was seen, a typical feature of nodules containing bacteroids unable to fix nitrogen.
The three genetically uncharacterized mutants were complemented for their inability to oxidize DMPD with cosmid clones from a R. legtlminosarzlm gene library in E. coli by screening for transconjugants that were Nadi'. One clone, PI 51940, was identified which complemented the three mutants, A226, A236 and A247. When genomic DNA (digested with EcoRI or BamHI) from each of the mutants was probed with pIJ1940 it was evident that A226 and A236 were probably siblings since the Tn5 appeared to be in identical locations in each. Further work was done with only mutants A226 and A247, which clearly arose from different Tn5 insertion events. When each of these two mutants carrying PI 51940 was inoculated onto peas or vetch, nitrogen fixation was restored as judged by the healthy green appearance of the plants, the pink nodules and the levels of acetylene reduced by the nodules (data not shown). The mutants grew normally in minimal medium containing succinate or mannitol as carbon sources. Fig. 1 shows difference spectra of the control strain A34 and the mutant A247 (all of the spectra of mutant A226 were essentially the same as that of A247). The reduced minus oxidized spectrum of the control strain (Fig. la) has a peak at 555 nm and shoulders at 550 nm and 560 nm indicating the presence of a mixture of b-and c-type cytochromes. The mutant A247 (Fig. lb) had lower amounts of c-type cytochrome(s), since the peak normally at 555 nm (in wild-type) has become narrower and shifted 
Cytochrome composition of the mutant bacteria
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to 560 nm, which corresponds to the absorption peak of 6-type cytochrome(s). In both strains (Fig. la, b) , cytochrome d is seen in the reduced form with a maximum at 628 nm and an oxygenated form giving rise to the trough at about 650 nm. We attribute the peak at 595 nm to the high-spin 6-type haem (b,,,) found in other d-type oxidases . There is a large increase in the amount of cytochrome d in the mutant strain (628 nm and 650 nm) and this is accompanied by an increase in absorption near 595 nm ( Fig. 1 b) ; since the ratio of absorbance at 628 nm (cytochrome d ) to that of 595 nm (cytochromes b,,, plus aa,) is increased in this strain, we conclude that cytochrome aa3 synthesis is not markedly enhanced. The large increase in cytochromes d and b,,, in the mutant strain could result from one branch of the respiratory chain compensating for the loss of another branch.
CO difference spectra and photodissociation spectra were recorded to determine the number and type of COreactive haem proteins and thus putative oxidases. Evidence was obtained for the additional presence of cytochrome a,. Cytochrome a, usually exists with cytochrome a to form an aa,-type terminal oxidase; the reduced cytochrome a3 can bind CO to give a species which has different absorption characteristics from its reduced form. The breadth of the 418 nm peak and the trough at 440 nm is reduced + CO minus reduced spectra are consistent with the presence of cytochrome a, in the spectra of both the wild-type and the mutant A247 (Fig.  Id, e) . However, in view of the increased cytochrome d and b,,, levels in the mutant, it is likely that cytochrome b,,, contributes significantly to the Soret signals. Therefore, photodissociation spectroscopy at low temperatures was used to deconvolute the contributions made to the CO difference spectra by all CO-reactive haemoproteins of whole cells, including hydroperoxidases (catalases and peroxidases), globin-like proteins and all terminal oxidases. In the photodissociation spectrum recorded at -100 OC, most CO-reactive haemoproteins are not revealed since the unligated (i.e. reduced) form that is membranes. Spectrum (a) is of wild-type strain A34 and (b) is of mutant A247. Both were recorded a t -100°C in the dualwavelength mode with 575 nm as reference wavelength (2 mm pathlength). Baselines were recorded but were featureless and are omitted for clarity. Distinctive features of the spectrum are marked with the wavelength (nm). The vertical bar represents AA of 0.004 (above about 500nm) or 0.02 (below about 500 nm). The protein concentration was 9.5 mg ml-' in (a) and (b). generated by photolysis of the CO adduct immediately recombines with CO to give a null difference spectrum. Oxidases in the haem-copper superfamily, like cytochrome a3, are visible due to the retarding effect of the copper atom on CO recombination. Thus, in Fig. 2 , the photodissociation spectra of the wild type strain (Fig. 2a) and the mutant (Fig. 2b ) each show signals in the a-region (588 nm trough, 610 nm peak) that are within 2 nm of the position described for mitochondria1 cytochrome a, in -99 "C photodissociation spectra (Wikstrom etal., 1981) .
In each strain, the Soret peak (attributed to the unligated form) is at 442 nm, again very close to the peak position Cytochromes bc, and CycM in R. legtrminosartrm observed for mitochondrial cytochrome a,, e.g. in the fission yeast Schiqosaccharorn_yces pornbe (Poole e t al., 1979) . The Soret troughs in Fig. 2 are at 426 nm, 3 nm or more lower than the anticipated position for loss of cytochrome a,-CO (Poole et al., 1979) . This is probably due to interference with this band by the trough due to cytochrome bSg5, which, in Aptobacter vinelandii, for example, gives a trough at 418 nm in such spectra (D'mello e t al., 1994). The photodissociation spectra in Fig. 2 are also similar to the (inverted) kinetic difference spectrum for mitochondrial cytochrome a, (Greenwood et al., 1974) , lending further support to the identification of this oxidase in the wild-type strain and in mutant A247.
Oxygen uptake
Whole cells of mutants A226 and A247 had TMPD oxidase activities of less than 20 % of that seen with cells of the control strain A34 (Table 2) . However, when NADH or succinate oxidase activities were measured with membrane preparations, it was evident that the mutants had enhanced levels of oxygen uptake (Table 2) . Whereas NADH oxidation by membranes from the control was inhibited by 50% by antimycin A, no such inhibition was seen with the mutants (Table 2) . Since antimycin acts on the cytochrome bc, complex, these observations are consistent with the hypothesis that the mutants have greatly reduced levels of electron flow through the branch of the electron transport pathway that contains cytochromes bc,, c and aa3. The increased level of respiration by membranes from the mutants is presumably related to the increased levels of cytochrome d, which acts as an alternative terminal oxidase for a branch of the respiratory oxidase that does not require cytochrome be, (see later).
Analysis of haem proteins
Membrane and soluble protein fractions from wild-type and mutant bacteria were separated by SDS-PAGE and stained for haem proteins. The membrane fraction from the control (Fig. 3b, lane 1) contained two haem-staining bands whereas the mutants A226 (Fig. 3b, lane 2) , and A247 (data not shown) lacked any haem-staining proteins, suggesting that both the integral membrane proteins thought to correspond to cytochrome c1 (M, 31 000) and CycM (M, 23 000) were absent. The soluble fraction of the mutant (Fig. 3a, lane 2) exhibited, in addition to the expected band of M , 14000 (soluble cytochrome c), a haem-stained band at Mr 23000, that was not present in the wild type control (Fig. 3a, lane 1) . Similar results were found with A247 (not shown). The simplest explanation of these observations is that the mutations in A226 and A247 affect the structural gene encoding a membrane protein of M, 31000; in the absence of this protein, the component of Mr 23 000 cannot remain associated with the membrane and thus is found in the soluble fraction.
T o clarify the situation, we screened the original population of Tn5-induced Nadi-mutants to identify a mutant that completely lacked the component of M , 23000 but retained the other membrane-bound haem protein of Mr 31000. As shown (Fig. 3, lanes 3 ) such a mutant (A251) was identified. This mutant was expected to carry IP: 54.70.40.11
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G. W U a n d OTHERS a mutation in the structural gene encoding the haem protein of M, 23000. When inoculated into pea plants, mutant A251 induced normal nitrogen fixing nodules. Analysis of the reduced mintls oxidized spectrum of this mutant revealed it to be different from the other Nadimutants ; it retained a greater amount of c-type cytochrome as judged by the peak at 555 nm and did not have an elevated level of cytochrome d. In fact, this mutant appeared to lack both cytochrome d and cytochrome aa3 (Fig. lc) . The CO difference spectrum (Fig. If) revealed peak-trough signals at 416/436 nm and 540/560 nm consistent with the presence of cytochrome o as a terminal oxidase, although these spectral features would also be consistent with the presence of a ligand-reactive haem 6. The CO-difference spectrum of the wild-type (Fig. Id) also suggests that cytochrome o (or a ligand-reactive cytochrome b) is present as judged by the breadth of the trough at 440 nm and the peak-trough signal at 540/560 nm. These results indicate that, whereas mutants A226 and A247 rely on respiration via cytochrome d, for some reason mutant A251 relies on respiration via cytochrome 0.
A226, A247 and A251 carry mutations in genes encoding cytochromes bc, and CycM
The absence of a membrane-associated haem protein of Mr 31 000 from mutants A226 and A247, together with the antimycin A-resistant respiration and the reduced level of cytochrome c, suggested that these two strains may carry mutations in the gene(s) encoding the cytochrome bc, complex. In B. japonictlm one open reading frame (j3cI-I) encodes a protein which is processed to form cytochromes b and el, the latter being an integral membrane protein of M , 28000 (Thony-Meyer e t al., 1991). The Tn5 insertions and the flanking DNA from mutants A226 and A247 were subcloned as EcoRI fragments. The resulting plasmids were each digested with BamHI and EcoRI to subclone each end of the transposon plus the flanking DNA. Using a primer homologous to the ends of Tn5, the sequences of the DNA adjacent to the sites of insertion were determined. Database searches revealed that the DNA sequence adjacent to the Tn5 insertion from A226 was most homologous to that part of the B. japonictlmPcH gene encoding cytochrome c1 whereas the Tn5 from A247 was located in DNA homologous to the part ofPcH encoding the cytochrome b component of the cytochrome be, complex. Using oligonucleotide primers the DNA sequence was extended to cover the entire region between the sites of insertion of the two transposons cloned from A226 and A247. Two ORFs were found separated by a 28 nucleotide intergenic region. Translations of the two ORFs are shown in Fig. 4 , which also shows alignments of the sequences with the protein sequence deduced from the B.japonictlmPcH gene. This clearly confirms that the two mutations affect genes encoding homologues of the cytochrome be, complex.
The homology between the genes of B.japonictlm and R. legtlminosartlm breaks down in the region corresponding to The predicted sequences of the R. legtlminosarum cytochrome c1 gene product has a typical N-terminal transit peptide (underlined in Fig. 4) , strongly suggesting that the protein is secreted to the periplasm via a see-dependent secretion system. In Rhodobacter spbaeroides, cytochromes b and c1 are encoded by the9cB andPcC genes, the latter encoding a cytochrome c1 component with a transit peptide (Gabellini & Sebald, 1986 (Kretovich et a/., 1973; Delgado et a/., 1995) and a CO-binding component was tentatively assigned (Delgado et  a/., 1995) to cytochrome 0, although the presence of haem o has not yet been demonstrated. The Nadi test detects electron flow through the cytochrome bc,-aa, pathway. In bacteroids it i s thought that electron transfer occurs via cytochromes c and cbb' (encoded by the fixNOP genes), as has been observed for other rhizobia (Preisig et a/., 1993; Mandon et a/., 1994) . The bacteroid oxidase is also referred to by others as a cytochrome cbb,-type (rather than cbb').
the site of Tn5 insertion was estimated to be about 440 nucleotides downstream of the translational start, on the assumption that the gene mutated is colinear with the B. japonictlm c_ycM gene. Mutation of the B.japonictlm c_ycM gene results in Nadi-mutants that retain a normal symbiotic phenotype (Bott e t al., 1991) , similar to that found with A251.
Concluding remarks
The observations in this paper confirm the conclusions of others (Thony-Meyer e t al., 1989) that the cytochrome bc, complex is necessary for symbiotic nitrogen fixation by rhizobia. During free-living growth, electron transfer from cytochrome bc, in R. legtlminosartlm appears to occur via a membrane-associated c-type cytochrome similar to CycM in B. japonicum. We presume that this pathway is terminated in R. legtlminosartlm by a cytochrome aa,-type oxidase (Fig. 5) . In B. japonictlm, ATorbixobium caulinodans and Rbixobium meliloti bacteroids, it appears that electron transport occurs from the cytochrome bc, complex via a pathway that includes a cytochrome c and a high-affinity oxidase complex encoded by thefixN0QP genes (Kahn e t al., 1993; Preisig et al., 1993; Mandon e t al., 1994) . We assume a similar situation exists in R . leguminosarum and this pathway is drawn as cytochromes c and ebb' in Fig. 5 .
The normal symbiosis established by mutants defective in c~c M (in both B.japonicum and R . legtlminosartlm) indicates that CycM is not part of this pathway and that the cytochrome bc, complex is the branch point to the highaffinity oxidase (Fig. 5) .
One surprising observation is that mutations in the R. LegtlminosartlmPcB or PcC genes affecting the cytochrome bc, complex cause a very different effect from mutation of c_ycM in terms of the cytochromes present in cultured cells. Mutations inPcB o r P c C result in strong derepression of cytochromes d and b559. In contrast, the mutant lacking c_ycM had very low levels of these cytochromes and a low level of cytochrome aa,; presumably this mutant uses cytochrome o or a cytochrome b as a terminal oxidase. In a variety of bacteria, expression of cytochrome d is associated with (low) oxygen stress whereas expression of cytochrome o appears when sufficient oxygen is available. There is no obvious reason why mutation ofPcBC genes should result in expression of cytochrome d whereas mutation of gcM does not. One possibility is that a functional cytochrome bc, complex might play a role in assessing redox stress in these bacteria.
